ABSTRACT
INTRODUCTION
Diadromous fishes are species which regularly migrate between fresh water and salt water at a specific stage of their life cycle. Within these species, catadromous fish share the particular strategy of spending most of their life cycle in fresh water and migrating towards the sea to breed (McDowall, 1988) . On the East Atlantic coast, this group is composed of species with ecological, morphological and behavioural differences. Thinlip mullet Liza ramada (Risso, 1827) and European eel Anguilla anguilla (Linnaeus, 1758) are pelagic catadromous fishes distributed along the European coast. These two species spawn in the sea, and juveniles arrive on the continental shelf and gradually colonise the watersheds from the estuary mouth to the upstream parts of rivers. This watershed colonisation has two different behavioural phases. Firstly, in tidal estuaries, catadromous species can be transported horizontally by entering the water column during one phase of the tide and descending to the bottom during the other (Forward and Tankersley, 2001; Gibson, 1978 Gibson, , 2003 . The use of this tactic, called selective tidal-stream transport (STST), has already been reported in the European eel (Creutzberg, 1958 (Creutzberg, , 1959 (Creutzberg, , 1961 and thinlip mullet (Trancart et al., 2011 (Trancart et al., , 2012 . In their study on young eel stages, McCleave and Wippelhauser (1987) reported that juvenile eels use STST as far as the tidal limit (TL), but no circa-tidal rhythm was observed in glass eels collected just above the head of the tide. Edeline et al. (2007) studied dispersal in metamorphosing juvenile eels by sampling glass eels from the tidal limit area. The authors reported that glass eels migrated toward the freshwater area of the upper estuary using STST and accumulated at the break point of tidal streams. Secondly, in non-tidal parts of rivers, catadromous species have to migrate upstream using counter-current progression. During this migration, catadromous species have to achieve a behavioural shift, exchanging the tidal advection for a constant counter-current progression (Edeline et al., 2007) . Feunteun et al. (2003) reported that very few glass eels and elvers less than 120 mm (<1 year) were observed above the tidal limit, indicating that the older, larger stages, and not glass eels, migrate upstream to fresh water. In another study conducted above the tidal limit, White and Knights (1997a) captured 156 000 elvers and 189 000 juveniles of yellow eels, but no unpigmented glass eels. These results showed that counter-current migration was not practised by young-of-the-year (YOY) eels. Because thinlip mullet is not a widely studied species, no such investigation was conducted for these fish. In this study, we experimentally submitted YOY of two catadromous species (thinlip mullets and European eels) to conditions that mimicked the crossing of the tidal limit area to confirm that YOY eels cannot migrate upstream against the current, and to demonstrate for the first time that YOY thinlip mullets also cannot migrate upstream against the current.
MATERIALS AND METHODS

> STUDY SITE
YOY fishes were collected in the lower part of the Gironde estuary (in southwest France, 45.5256
• lat, -1.0426
• long) on 10 March 2008 (Figure 1 ). Estuaries located on the East Atlantic 04p2
Figure 1
The study site: the Gironde system.
Figure 2
Example of tidal rhythms at the mouth of the estuary (a), the salinity limit (b) and the tidal limits (c) in the Gironde system.
coast are subjected to current reversal with tidal distortion. Near the mouth of the estuaries, the tidal rhythm is 6.2/6.2 h; that is, flood tides and ebb tides last 6.2 h (Figure 2a ). At the tidal excursion limit, the water flow is always seaward: there is no tide (Figure 2c ). The tidal rhythm is gradually distorted between these two points, with increasing ebb tide durations and decreasing flood tide durations. For example, in the Gironde system, at the salinity limit, flood tides last about 3 h and ebb tides last about 9 h (Figure 2b ).
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Figure 3
Diagrammatic aerial view of the annular flume.
> FISH COLLECTION AND HANDLING
YOY thinlip mullets and glass eels were caught using plankton nets (110 cm diameter) during flood tides. Twenty individuals per species were randomly selected for initial biometry measures. Fish length was obtained using an electronic caliper to the nearest mm: YOY thinlip mullet length ranged from 19 to 37 mm (mean = 30.1, sd = 6.7 mm) and glass eels ranged from 63 to 72 mm (mean = 67.4, sd = 2.7 mm). Fish weight was obtained using an electronic laboratory scale to the nearest 1/100 g. Mullet weight ranged from 0.058 to 0.397 g (mean = 0.216, sd = 0.124) and glass eels ranged from 0.199 to 0.317 g (mean = 0.254, sd = 0.038). These fish were not used in the experiment. Salinity was about 15 and water temperature about 11 • C during fish collection. Mullet identification was performed using morphological criteria during sampling (using identification keys described by Farrugio (1975) and Cambrony (1983) ) and using anatomical criteria at the end of the experiments (Cambrony, 1983; Farrugio, 1975) . After collection, the fish were placed in an acclimation tank (light, temperature and salinity conditions similar to those at the collection site), and the experiments began when fish resumed feeding (after 2 days). Thanks to careful procedures, the mortality rate from fishing to the end of acclimation was below 10% for mullets and below 2% for glass eels. Using an automatic feeder controlled by a remote terminal unit, mullets were fed artificial feed (pellets, 1.1 mm mean diameter) randomly every two or three days to prevent any induction of behavioural rhythms. The feed weighed 5% of the total weight of mullets in the flume. Because a number of studies have suggested that glass eels do not feed during estuarine migration (Kawakami et al., 1999; Lecomte Finiger, 1992; Tesch, 1977) , glass eels were not fed during the experiments; the floating granules were out of reach. At the end of the experiment, a small number (20) was selected for the final biometry.
> EXPERIMENTAL DESIGN
The device used for fish observation consisted of one annular flume (8 m long, 0.3 m wide, 0.6 m deep, 2 m 3 ) (Figure 3 ). The substratum was a 5-cm layer of gravel (1 cm mean diameter). A pump generated water current, and two antagonist floodgates were used to perform water current reversal. Using injectors specially developed for this device, the water current was homogeneous in the flume.
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Pumped seawater was used, and was adjusted to the initial salinity level required by adding fresh water. During the experiment, a decrease in salinity could be produced by controlled fresh water addition. Fresh water was pumped from the watershed where the fish had been collected. A Sony infra-red camera was positioned to record through an observation window in the middle of the flume. The infra-red light (850 nm) allowed the recording of fish during both light and dark phases.
> EXPERIMENTAL PROTOCOL
The behaviour of 65 thinlip mullets and 250 glass eels was analysed from March 13 to April 4, 2008. There was a succession of three different experimental phases that aimed to mimic the conditions found when crossing the tidal limit area.
First experimental phase: synchronisation with one water current
Initial experimental conditions during the first week were set to mimic the environmental conditions at the fishing site. The water was kept at 11 ± 0.2
• C and was sterilised by UV light. All trials were conducted under a 12-h light/12-h dark photoperiod (L/D). The light intensity was set at 1.5 µW·cm −2 during light phases (Philips fluorescent lights, cool day-light quality, 6500 K) and 0 µW·cm −2 during dark phases. Current velocity was 10 cm·s −1 , far below the maximum swimming performance of fish of that size (Blaxter, 1969) . Fish were subjected to current reversal every 6.2 h during this first week, which corresponded to the conditions in the lower part of estuaries (downstream, Figure 2a ). During this first week of the experiment, fish were observed to determine the water current preferentially selected for active swimming with the current. This current was called the "favourite current", while the non-preferred water current was called the "non-favourite current".
Second experimental phase: selection of favourite current as flood tide
During the second week, a gradual tidal distortion was mimicked. This gradual tidal distortion was achieved by progressively decreasing the duration of the favourite current from 6.2 to 0 h and by increasing the duration of the non-favourite current to continuous flow in accordance with the global periodicity of 12.4 h. Fresh water entry was allowed only during the nonfavourite current flow to mimic the salinity decrease occurring in estuaries during the ebb tide. Fresh water was pumped from the watershed where the fish were collected. Salinity decrease was automatically controlled and adjusted, and was regulated to decrease from 15 to approximately 0 over 7 days. With these settings, the favourite current was considered to mimic flood-like tides and the non-favourite current to mimic ebb-like tides.
Third experimental phase: riverine conditions
During the third week, no current reversal was performed and salinity was kept at 0, mimicking river conditions.
> DATABASE CREATION
A swimming fish was defined as a fish using active swimming, which is different from fish swept away by the flow. A fish was considered to behave as if migrating upstream when it was swimming with the flood-like tide or against the ebb-like tide with a non-null ground speed. On the contrary, a fish was considered to behave as if migrating downstream when 04p5 it was swimming with the ebb-like tide or against the flood-like tide with a non-null ground speed. During the three weeks of the experiment, behaviour was recorded for one minute every 20 min. This was done to observe and record all fishes swimming with the current. During each recording event, an operator counted the number of fish migrating upstream, i.e., the number of fish swimming with the flow during flood tides and against during ebb tides. Fish speed was monitored daily during the analysis by using a video operator to confirm that it was constant during the 3 weeks of the experiment. Because the speed of the fish swimming against the flow was lower than that of the fish swimming with the flow, a correction factor was used to count all the fish swimming against the current, i.e., not only the fish in the observation window during the minutes of observation, but also those that were not in the window during observations. The correction factor is the ratio between the two ground speeds and was adjusted daily. The number of fish swimming against the current was corrected by multiplying the number of fish by the correction factor, usually ranging from 3 to 4 (Trancart et al., 2011 (Trancart et al., , 2012 . This experimental protocol aimed to reproduce the conditions that upstream-migrating fish would encounter while moving into fresh water; it was not possible to investigate the downstream migration at the same time. Therefore, throughout this study, only fish migrating upstream were considered. The results for fish with the opposite behaviour (migrating downstream) are given for information.
> DATA ANALYSES
The rhythmic analysis showed if the individuals exhibited cyclic activity, i.e., the same activity at a regular interval of time. Nevertheless, rhythmic analyses are not suitable to show what the favourite modality is. For example, a diel rhythm shows an activity peak every 24 h, but it is impossible to know if activity occurred during the night or the day. To mitigate this issue, we analysed a second parameter: the activity level, which is the instantaneous number of fish exhibiting a specific behaviour (in this study, swimming upstream). Migration behaviour (the proportion of fish migrating upstream) was analysed using shortterm Fourier transforms (STFT). STFT is based on the usual Fourier transform performed on an appropriate time sliding window (Allen and Rabiner, 1977) . The size of the time sliding windows was adjusted to 3 days to highlight daily rhythmic behaviours and to fit in the Nyquist frequency (Nyquist, 1928) . Before performing STFT, linear least-squares trends were removed, and high-frequency noise and non-linear trends were removed using a passband (1-6-30-72 h) Butterworth filter, as recommended by Dowse and Ringo (1989) . STFT shows the strength of the variations (energy) of a time series at each frequency of oscillation. In other words, it decomposes the variance of a time series into its periodicities. STFT results are presented in 2D periodograms, where the most strong/powerful periods are represented in red, and the weaker periods in yellow. Actograms of swimming activity levels of fish migrating upstream were used to validate the STFT results. Due to experimental tidal distortion, we could not compare the evolution of the total number of fish migrating upstream with the tides (there were more fish migrating during a 6.2-h tide than during a 30-min tide). The number of fish was related to the tide duration. We obtained the "mean number of fish migrating upstream by tides" as a percentage of fish per minute, which was not linked to the tide duration. The trends of tides were analysed using the Mann-Kendall test for each of the three weeks of the experiments.
RESULTS
> FISH MORTALITY
The behaviour of 65 thinlip mullets and 250 glass eels was analysed from March 13 to April 4, 2008. Due to careful treatment, no mortality was observed in glass eels or mullets during 04p6
Figure 4 Periodogram based on STFT analysis for mullets migrating upstream (yellow = low density, red = high density). Dotted lines at 12.4 and 24.0 h.
the experimental phase. No difference in weight or length was observed between the beginning and the end of the 3-week experiment in either species. However, glass eels became pigmented (or grew darker).
> FIRST EXPERIMENTAL PHASE BEHAVIOURS
During the first week, under symmetrical tidal conditions (6.2/6.2 h), mullets showed two distinct rhythmic activities, at 12.4 and 24.0 h (Figure 4) . The main activity peak corresponded to the 24.0-h period (Figure 4) . A strong luminosity effect was observed; mullet upstream migration occurred exclusively during the daylight hours ( Figure 5) . A strong tidal effect was also observed; mullets migrating upstream were active only during flood tides and inactive during ebb tides ( Figure 5 ). On average, around 20% of mullets migrated upstream. This percentage ranged from 50% during favourite periods (i.e., daytime flood tides for mullets) to 3% during non-favourite periods (night time). During the first week of the simulation, the number of migrating mullets was stable ( Figure 5 ). Like mullets, glass eels displayed two periodicities at 12.4 and 24.0 h (Figure 6 ) during the first experimental week (symmetrical tidal conditions, 6.2/6.2 h). However, in contrast to mullets, the two main rhythms had very similar intensities (Figure 6 ). Unlike mullets, glass eels were active mainly during the night (Figure 7) . Like mullets, a strong tidal effect was also observed; glass eels migrating upstream were active only during flood tides and inactive during ebb tides (Figure 7) . On average, 20% of glass eels migrated upstream, similar to mullets. During favourite periods (night-time flood tides) approximately 50%, and up to 90%, of glass eels actively migrated upstream. During non-favourite periods (daytime), only 5% of glass eels migrated upstream, similar to mullets. 
Figure 5 Actogram for thinlip mullets migrating upstream. (a): Current -flood tides (up) and ebb tides (down) ; (b): luminosity -light (up) and dark (down) ; (c): fish migrating upstream -percentage of total number of fish and mean in minutes during these tides. (d): fish migrating downstream -percentage of total number of fish and mean in minutes during these tides. The colour code used in parts (c) and (d) resumes information from parts (a) and (b): yellow bars
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> SECOND EXPERIMENTAL PHASE BEHAVIOURS
In both species, the behaviour observed during the second week was similar to that of the first week. During the second week, cyclic activity ( Figure 4 ) and preference for light and flood tide periods ( Figure 5 ) always occurred. The proportion of mullets migrating upstream was stable during simulated flood tides ( Figure 5c , p < 0.05). The eels' rhythms observed during the first experimental week also persisted through the second week (mimicry of tidal distortion, Figure 6 ). Glass eels' preferences for the night time and flood tides were always observed during the second week (during the mimicry of tidal distortion, Figure 7 ). This species always displayed strong nocturnal activity patterns, with upstream migration occurring predominantly during the second week at night time.
In glass eels, the mean activity levels caused by tides were constant during the second week (mimicry of tidal distortion, Figure 7c , p < 0.05).
> THIRD EXPERIMENTAL PHASE BEHAVIOURS
No behavioural rhythms were observed during the third week (river conditions, without tide reversal) in either species. After distortion, the absence of a flood tide led to a strong decline in the number of mullets and glass eels migrating upstream; the number of fish migrating upstream was close to 0 in both species. Light preferences were also not visible during the third week in either species.
> ALTERNATIVE BEHAVIOURS
This experiment was designed to mimic a progression towards the upstream of a watershed. Nevertheless, to have a better perspective, it seems necessary to include the fish that did not positively react to the experimental stimuli, i.e., fish that migrated downstream. During the first 10 days of the experiment, the number of fish that migrated downstream was lower than the number of fish that migrated upstream, in both species. During the end of the distortion phase, the number of fish swimming downstream was higher than the number of fish migrating upstream, especially in glass eels. During the riverine conditions, the number of mullets that migrated downstream was about 50% during daytime, and about 10% during night time.
Figure 7 Actogram for European eels migrating upstream. (a): Current -flood tides (up) and ebb tides (down) ; (b): luminosity -light (up) and dark (down) ; (c): fish migrating upstream -percentage of total number of fish and mean in minutes during these tides. (d): fish migrating downstream -percentage of total number of fish and mean in minutes during these tides. The colour code used in parts (c) and (d) resumes information from parts (a) and (b): yellow bars
The number of eels that migrated downstream during the third week was higher, about 80%, with no significant difference between days and nights.
DISCUSSION
> LIMITATIONS OF EXPERIMENTAL MIMICKING
Our experiment enabled us to study the behaviour of 315 fish submitted to rigorously identical capture and experimental conditions. Because the mullet migration window is much reduced in time, no replication was performed after this experiment. Fish present again in the lower estuary could be those with alternative life histories. A recent study demonstrated that some mullets could be, like eels, facultatively catadromous, living only in the sea . We assumed that by catching mullets during the beginning of the migration period, we limited the possibility of catching non-catadromous mullets. The current experimental protocol aimed to reproduce the conditions that upstream-migrating fish would encounter while migrating to fresh water; it was not possible to investigate the downstream migration at the same time. Therefore, throughout this study, only fish migrating upstream were considered. These major issues of experimental simulation have to be taken into account, and thus care must be taken when drawing conclusions about natural systems from laboratory simulations.
> BEHAVIOURAL RHYTHMS PRIOR TO EXPERIMENTAL TIDAL DISTORTION: VALIDATION OF THE EXPERIMENTAL SET-UP
Before the experimental tidal distortion, mullet migrating upstream exhibited periodic activity. Two rhythms were detected with periodicities of approximately 12.4 h and 24 h. Because the periodicities of these rhythms coincide with changes in the flood and light cycles, it was concluded that the mullets in this study undertook diurnal flood tide transport. This is consistent with previous experimental studies carried out following the same structure (Trancart et al., 2011 (Trancart et al., , 2012 . The second catadromous species, the European eel, being predominantly nocturnally active, undertook this activity during the night time. The same periodicity was observed at 12.4 h, coinciding with changes in the flood cycles. These observations can be interpreted as being like nocturnal flood tide transport. The use of selective tidal-stream transport (STST) has already been reported in the European eel (Bolliet et al., 2007; Creutzberg, 1958 Creutzberg, , 1959 Creutzberg, , 1961 . Actograms showed that the proportion of fish migrating upstream was variable, with a mean of 20% (50% during favourite periods (daytime in mullets and night time in glass eels) and 3-5% during non-favourite periods). This is in agreement with a recent study showing that the efficiency of migration of glass eels ranged between 0.15 and 0.19 , indicating that glass eels use STST for every 5-6 flood tides. It is well known that in glass eels, upstream migration is guided by chemotaxis (Tosi and Sola, 1993; Tosi et al., 1990) . Some amino acids, called geosmins, are present in fresh water and can have a chemotactic attraction (Tos and Sola, 1993) . In our experiment, we used fresh water pumped from the upper part of the Gironde watershed. It is reasonable to assume that geosmins were present in the fresh water used in our experiment. Moreover, an increase in pigmentation was observed in glass eels during the 3-week experiment. This pigmentation is normal in field conditions, and occurs when glass eels reach freshwater areas. Moreover, no difference in weight or length was observed over the three weeks in either species. This seems plausible for the young mullets, which were fed during 04p11 the experiment, but not for glass eels. A recent study showed that during silver eel migration, their energy consumption was very low, 4-6 times more efficient than salmonids (Palstra and van den Thillart, 2010) . During watershed colonisation, fish use selective tidal-stream transport to reduce the cost of their movements (Forward and Tankersley, 2001) . Active swimming with the current is much reduced, and thereby energy consumption too is reduced, leading to no observed weight loss after 3 weeks of swimming without food. These results in both species show the effectiveness of this experimental protocol to mimic estuarine conditions. The fact that the results obtained in this study under experimental conditions are in agreement with observations on wild individuals demonstrates the appropriateness of this approach and adds significance to the results reported here.
> CONFIRMATION THAT THE BEHAVIOURAL SHIFT DID NOT OCCUR IN YOUNG-OF-THE-YEAR FISHES
Some previous studies on eels suggested that the shift did not occur in YOY fishes. For instance, in a field study, Edeline et al. (2007) showed that glass eels accumulated at the break point of tidal streams. Furthermore, Feunteun et al. (2003) showed that very few glass eels and elvers less than 120 mm (<1 year) were observed above the tidal limit, indicating that older and larger eels, and not glass eels, performed upstream migration to fresh water. In another field study conducted above the tidal limit, White and Knights (1997a) captured 156 000 elvers and 189 000 juveniles of the yellow eel, but no unpigmented glass eels. These studies support the assumption of a halt in inward migration. The fish that migrated downstream during the third week were very numerous, especially in eels. During this period, no great difference was observed between days and nights in eels, unlike in the first two weeks. A great difference was observed in mullets, but the mullets also migrated during the night, unlike in the first two weeks. These two observations led to the conclusion that the fishes were disturbed by the end of the distortion. We assume that this disturbance is a result of the discrepancy between the experimental simulation (the tidal distortion continued) and fish behaviour (they did not continue migrating upstream). Therefore, it is impossible to draw conclusions about fish behaviour at the tidal limit, except that YOY catadromous fishes did not shift to counter-current swimming. Our study experimentally confirms the assumption that the shift in migration occurred at the later stage of life in catadromous species; YOY catadromous fish in the field used STST until the tidal limit but did not shift to counter-current swimming at this moment. It is likely that the shift occurs later, when the fish are older and bigger. Another assumption could be the waiting for external cues, such as temperature or photoperiod. In a previous study, White and Knights (1997b) showed this glass eel accumulation and suggested that water temperature and photoperiod might also be important cues to trigger the watershed colonisation.
CONCLUSIONS
Watershed colonisation by catadromous species comprises two phases: tidal estuary crossing and non-tidal river progression. A different behaviour is demonstrated during each phase. During the tidal estuary crossing, YOY fishes use selective tidal-stream transport. During non-tidal river colonisation, fishes use counter-current progression. Fish have to achieve a behavioural shift between these two phases.
To the best of our knowledge, we experimentally confirmed for the first time the absence of a behavioural shift, from selective tidal-stream transport to counter-current swimming, in YOY catadromous fishes. We experimentally confirmed this assumption:
-The first phase of watershed colonisation, tidal estuary crossing, is performed by YOY fish. -The second phase of watershed colonisation, non-tidal river colonisation, is performed by older fishes with better swimming capacity.
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The proposed hypothesis can be tested by surveying glass eels and mullets throughout the tidal limit area and lower sections of riverine habitats. The presence of fish in varying sizes and developmental stages in the lower reaches of the river would validate this and would highlight such areas as priority areas for the protection and management of catadromous species.
